Introduction
============

The grafted bone survival rate for an alveolar bone defect is 41% to 73%.[@B1]-[@B3] Cancellous bone of the iliac area is mainly used as donor material. Possible complications include wounding at the donor site, postoperative hematoma, infection, and gait disturbances. Moreover, when the alveolar bone defect is large, several bone grafts are necessary. The risk of complications in the donor area increases accordingly with increased need to use cancellous bone from both sides of iliac area.[@B1]-[@B3] Due to these risks, it is necessary to find a replacement for autogenous bone. Research and development of many substances are currently underway.

The regeneration of insufficient tissue requires three tissue engineering elements; cells, a scaffold, and signaling elements such as growth factors. In our current study, an organic/inorganic hybrid compound of silk and hydroxyapatite was used as the scaffold.[@B4]-[@B6] Hydroxyapatite is a representative substance used in various fields for scaffolding bone defects due to its capacity for osteoinduction. Silk, created from *Bombyx mori*, has been used as a suture material for a long time due to its superior biocompatibility, proven through testing of its biological safety and biodegradability.[@B7]-[@B13] However, silk alone lacks the mechanical strength needed to replace bone tissue, and hydroxyapatite may break upon impact when used by itself, despite its hardness. In order to overcome the disadvantages of the organic and inorganic materials of silk and hydroxyapatite, a study on the use of a hybrid composite of these two substances to replace bone tissue was previously conducted.[@B14]

Kaplan et al. conducted a study on the physical properties of a hybrid scaffold composed of silk and hydroxyapatite.[@B15] They suggested that hydroxyapatite is a substance with outstanding biocompatibility and bioactivity and it is substituted with growing bone through the osteoinduction process after grafting. Bone regeneration using a silk scaffold combined with hydroxapatite occurs via two processes, osteoconduction from the surrounding bone in the defect area and nucleation with the combined hydroxyapatite as its seed. This is significant because bone regeneration using the hybrid composite is faster than regeneration by the surrounding bone, resulting in consistent ossification in all areas, including the center of the bone defect. [@B15]-[@B19]

Direct insertion of hydroxyapatite in liquid form or a direct graft after dipping into a collagen scaffold results in serious disadvantages, including unexpected whole-body effects and side effects due to inflow to the blood and uncontrolled biochemical activation. To overcome these shortcomings, a hybrid scaffold of silk and hydroxyapatite was grafted to the alveolar bone of Sprague-Dawley rats with critical-size bone defects, allowing for continuous biochemical activation and preventing inflow into the blood stream.

Materials and Methods
=====================

Alveolar Bone Defect Formation in Sprague-Dawley Rats
-----------------------------------------------------

Thirty-six male Sprague-Dawley rats of 9 to 10 weeks of age and weighing 240-250g were used as experimental animals in this study. Experiments were conducted with the permission of the Animal Testing Ethics Committee of the Clinical Study Center at the Asan Medical Center, Seoul, South Korea. The animals were managed based on the regulations specified by this Committee. Three groups were classified based on the materials used for grafting the generated alveolar bone defect. The animals in group I were sutured without a scaffold bone graft (n=12). The animals in group II were sutured after a silk scaffold graft (n=12). The animals in group III were grafted with a hybrid scaffold of silk and hydroxyapatite (n=12).

To create bone defects, 9-week-old Sprague-Dawley rats were placed in the supine position and administered anesthesia with an intraperitoneal injection of Zoletil^®^. A 7 x 4 x 1.5 mm bone defect was created by making a 1 cm incision toward the longitudinal direction in the mucous membrane between the hard palate of the right upper jaw and the alveolar bone and exposing the alveolar bone by dissecting its periosteum after exposure (Fig. [1](#F1){ref-type="fig"}).

Manufacturing the Silk Scaffold with Hydroxyapatite
---------------------------------------------------

Silk consists of a 7:3 ratio of fibroin and sericin. Its physical properties differ with the amino acid composition and fibroin/sericin content. Silk scaffolds are manufactured by removing the sericin to isolate and retain only the fibroin and acquire its biocompatibility, oxygen and moisture penetrability, cytotropism, and biodegradability. Specifically in our present study, the silk fibroin solution was manufactured by removing sericin using a \> 90℃ Na~2~CO~3~ solution, refining the silk, and creating an 8-20% silk solution with the use of solvent (LiBr solution or CaCl~2~/Ethanol/water mixture). A dialysis process was used to remove the salt component of the solvent. The silk scaffold was manufactured using such a solution, adding salt, leaving it at room temperature, creating a crystal, dipping the crystal into water to remove the salt, and drying it upon the completion of salt removal (BioAlpha, Inc., Seoul, Korea). The manufactured silk scaffold was mixed together with granular hydroxyapatite at a 10:1 ratio and sterilized by irradiating with gamma rays after freeze-drying for three days (BioAlpha, Inc., Korea) (Fig. [2](#F2){ref-type="fig"}, 3).

Silk Scaffold Grafting
----------------------

For the graft, the scaffold was dipped into saline solution (0.9% NaCl) for 30 minutes to allow manipulation into the shape of the bone defect area. After cutting the pre-treated scaffold to the same size as the bone defect, it was grafted to the critical-size 7 x 4 x 1.5 mm bone defect area that was previously created using a power drill. The mucous membrane was then sutured using 4-0 black silk (Fig. [4](#F4){ref-type="fig"}).

Assessment
----------

Assessments were conducted 4, 8, and 12 weeks after grafting the silk scaffold. Gross inspection, tissue analysis, CT of the bone defect, and other analyses were conducted to view new bone regeneration. Western blot analysis was conducted at week 12 to compare the degree of bone generation.

New Bone Yield Rate (%) = 100 x (Volume of initial bone defect - Measured volume of bone defect)/ Volume of initial bone defect (%)

Statistical Analysis
--------------------

The bone defect volumes quantified through CT are presented as the mean ± standard deviation. The Kruskal-Wallis test was used for overall comparison of the 3 groups, and the Mann-Whitney test using the Bonferroni correction was used to compare results from 2 groups. A p-value of less than 0.05 was considered to be statistically significant, and the significant αvalue was set as 0.0167 for the Bonferroni correction. Analysis of all data was conducted using SPSS version 15.0 (SPSS, Inc., Chicago, IL).

Results
=======

Visual Inspection
-----------------

The grafted part of the upper jaw alveolar bone area was re-dissected at weeks 4, 8, and 12 after the scaffold grafting and inspected for changes. By eye, no ossification was observed at the center of the graft in any group at week 4. The graft was covered with granulation tissue, and a hematoma in the bone defect area was observed in one group I case. In group III, hydroxyapatite still remained in its granular shape, confirming that no progress in ossification had occurred. There was an increase in ossification surrounding the bone defect at week 8. In particular, considerable ossification was seen in group III. Both ossification through osteoinduction in the area surrounding the bone defect and ossification at the center of the bone defect were confirmed at week 12. In group III, the ossification could be confirmed by eye in most of the bone defect areas.

Tissue Analysis
---------------

After decalcification, the tissues were observed using an optical microscope after hematoxylin and eosin (H&E) staining. An increase in granulation tissue with collagen fiber was confirmed in the area surrounding the scaffold in most groups at week 4. Bone regeneration was only found in the area surrounding the bone defect, and osteoblasts were not observed at the center of the bone defect (Fig. [5](#F5){ref-type="fig"}). At week 8, primary bone tissue surrounded by osteoblasts was confirmed at the center of the bone defect in group III. At week 12, a large quantity of mature bone tissue was observed in both the area surrounding the bone defect and the center of the defect.

Analysis of Quantified New Bone Volume Using CT
-----------------------------------------------

Bone regeneration was observed only in the area surrounding the bone defect in most of the groups at week 4, and it was not shown at the center of the bone defect. More progress was confirmed in bone regeneration by osteoconduction from the boundaries of the bone defect at week 8. The newly formed bone tissue was observed in the center of the bone defect through a cross-section of the CT, especially in group III. The increase in bone tissue was observed both in the area surrounding the bone defect and in the center of the defect at week 12.

The volume of the bone defect and the regeneration yield rate of the new bone were calculated with the above-mentioned method using a three-dimensional reconstructed bone defect image (Figs. [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}). The results showed that 49.1%, 56.2%, and 63.8% of new bone regeneration was achieved at week 4 in groups I to III, respectively (*p*=0.058). At week 8, the bone regeneration values were 56.3%, 59.7%, and 74.2% in groups I to III, respectively (*p*=0.061). At week 12, the bone regeneration values were 64.5%, 77.4%, and 84.8% for groups I to III, respectively (*p*=0.027). From the cross-section image analysis by CT at week 12, both bone regeneration from the boundary of the bone defect and radiolucency of the surrounding area at the center of the bone were clearly observed in group III. A maximum value of 359 for the Hounsfield number was found, which was relatively low compared to the values of 600 to 800 found in the surrounding bone.

Quantification of Osteocalcin within the Tissue
-----------------------------------------------

Using semi-quantitative western blot analysis of the bone marker osteocalcin at week 12, the bone density was found to be 1.8 times and 2.6 times higher in group III compared to group I and group II, respectively (Figs. [9](#F9){ref-type="fig"} and [10](#F10){ref-type="fig"}).

Statistical Analysis
--------------------

A significant difference in bone regeneration was only observed at week 12 for group I (64.5%), group II (77.4%), and group III (84.8%) (*p*=0.027). A post-hoc test to compare the groups was conducted using the Mann-Whitney test, which uses the Bonferroni correction (α=0.0167) .The significance level between group I and group II, group I and group III, and group II and group III was found to be 0.05 at week 12. Although a P value less than 0.05 is considered significant, the significance level did reach the Bonferroni correctionα value (0.0167).

Discussion
==========

The first alveolar bone model using an animal, attempted by Harvold in the 1950s, involved the induction of bone resorption by creating a 2 mm defect at the alveolar and hard palate of rhesus monkeys. Since then, numerous studies using cat, dog, and rabbit models have been conducted.[@B20]-[@B25] However, previous studies using medium- and large-sized animal models involved limited sample sizes due to high cost. Also, studies on critical-size bone defects have not yet been conducted. Warren et al. studied bone regeneration by creating 7 x 4 x 1.5 mm alveolar bone defects in Sprague-Dawley rats, and clarifying the critical size of alveolar bone defects in this model. [@B26] These authors found that mature osteoids appear in the artificially-created alveolar defect at week 8 and pass through an inflammation stage and a period of bone remodeling. Formation of bone cells from such osteoids was observed at week 12 through tissue analysis of the bone defect. However, that study was conducted to observe the results of gingivoperiosteoplasty as a treatment for alveolar cleft and a bone-substituting substance was therefore not used to fill in the bone defect.

Many earlier studies on bone-substituting substances used to fill in a bone defect have been conducted on a variety of bone defect sizes that occurred due to fractures or acute and chronic bone-related damage. Substances for bone defect treatments, both in existence and still under development, can generally be divided into autogenous bone, allogeneic bone, and synthetic substances. However, in order to overcome the shortcomings of previous methods, studies on new approaches that combine bioengineered substances with biological substances, such as growth factors or stem cells, have been conducted. Among these new methodologies, new bone generation using a scaffold with multi-porosity is one of the important technologies that is being used as a substitute in bone defects.[@B27] As scaffolding is related to new bone generation, natural materials using synthetic high molecular substances that are biodegradable, such as polyglycolic acid, polylactic acid, poly(D,L-lactic-co-glycolic acid), and collagen have been used. A fibrin and silk scaffold is one such type of natural fiber.[@B1]-[@B4],[@B28]-[@B31] A scaffold used for tissue generation should possess several characteristics, including proper chemical composition, a multi-porous structure for convenient movement when attached to osteoblasts, and a consistent pore distribution for consistent bone generation after biodegradation. A silk scaffold meets these requirements. Silk, created from *Bombyx mori*, has long been used as a suture material as it has outstanding biocompatibility, biological safety, and biodegradability compared with other materials.[@B7]-[@B13] A silk scaffold can be manufactured using various manufacturing processes, and the size and number of multi-porous holes can be adjusted with the control of salt particles when using the salt extraction method.[@B32]-[@B34] One of distinctive traits of a silk scaffold is its slow degradation compared to other materials. According to the classification of pharmacopoeia published in the United States, silk is classified as a substance incapable of biodegradation due to the fact that it maintains 50% of its mechanical traits two months after grafting. Therefore, it ultimately enhances the results of bone regeneration by maintaining the holes used for the growth of cells and necessary tissue longer than other scaffolding materials.[@B35] Also, silk is more malleable than other types of scaffolding material, and thus better aesthetic and functional results can be acquired, even in cases of a curved bone defect or a defect with a complex shape. For example, the multi-porous silk sponge used in our present study can easily bend when it is dipped into normal saline solution for several minutes.[@B36]-[@B38] Another distinctive characteristic of a silk scaffold is that it can be sterilized by various methods. Its shape is not changed at 120℃ or by the gamma ray irradiation such as that used in our current study. Sterilization using ethylene oxide or ethanol is also applicable.[@B39],[@B40] This is the most important advantage of silk over other materials such as collagen when conducting operations on actual human bodies.

Bone regeneration using a hybrid silk and hydroxyapatite scaffold occurs via two processes, osteoconduction from the surrounding bone of the defect area and nucleation with the combined hydroxyapatite acting as a seed. The resulting bone generation from the hybrid scaffold material is faster than the growth generated by the surrounding bone, and the use of the hybrid scaffold brings about consistent ossification in all the affected areas, including the center of the bone defect. [@B15]

In our current study, bone regeneration was observed only in the area surrounding the bone defect in most of the groups at week 4 and not at the center of the bone defect. More progress in bone regeneration occurred through osteoconduction from the boundaries of the observed bone defects at week 8. In group III, the bone tissue created from the center of bone defect was observed in a CT cross-section. An increased amount of bone tissue was observed in both the area surrounding the bone defect and the center of the defect at week 12. This result is significant because the hybrid scaffold induces bone generation using two processes, osteoconduction and osteoinduction.

As a result of calculating the volume of the bone defect and the fraction of the new bone regeneration, the bone defect could reconstruct three-dimensionally using CT. These images showed significant differences in bone regeneration between our study groups at week 12. Bone regeneration values were 64.5%, 77.4%, and 84.8% in group I, group II, and group III, respectively (*p*=0.027). Thus, we concluded that more bone regeneration occurred in group III than in the other two groups.

The post-hoc test was conducted using the Mann-Whitney test, which uses the Bonferroni correction (α=0.0167) to compare our three study groups. The significance level between group I and group II, between group I and group III, and between group II and group III was less than 0.05 at week 12. A P value of 0.05 is considered significant, but in this study the significance level of theαvalue (0.0167) was not reached. This can occur when the number of animals in each group is small compared to the total number of animals used in the study. Therefore, additional studies with larger sample sizes are needed to more clearly examine and determine the differences between such groups.

From the cross-section image analysis of CT scans at week 12, both bone regeneration from the boundary of the bone defect and radiolucency in the area surrounding the center of the bone were clearly observed in group III. Measurement of the Hounsfield number (a quantity commonly used in computed tomography (CT) scanning to express CT numbers in a standardised and convenient form) gave a maximum value of 359, which is relatively low compared to the value of the surrounding bone, which measured from 600 to 800. This is due to the fact that the bone density of new bone created by bone regeneration is relatively low compared to the mature bone in the surrounding area. This also quantitatively illustrates that this section is not a bone fragment generated from the operation but is newly generated bone.

A semi-quantitative western blot analysis at week 12 found that osteocalcin expression levels were 1.8 and 2.6 times higher in group III compared with group I and group II, respectively (*p*\<0.05), confirming osteoinduction by the hybrid scaffold at the molecular and cellular levels. There were no complications of infection or other side effects in any of the cases, reflecting the outstanding biocompatibility of silk, which has long been used as an effective biomaterial.

Conclusion
==========

Using an alveolar bone model in Sprague-Dawley rats, we determined that the degree of bone regeneration with a hybrid scaffold of hydroxyapatite and silk is significantly higher than with silk alone or without a scaffold. In the hybrid silk and hydroxyapatite scaffold, new bone is generated via two processes, osteoinduction and osteoconduction, from the boundary and the center of bone defect. The animal specimens survived without grafting-related complications such as infection, hematoma, ectopic bone regeneration, or other side effects.

![Hybrid scaffold of silk and hydroxyapatite](ijmsv15p0059g001){#F1}

![Scanning microscopic images of hydroxyapatite silk fibroin composites](ijmsv15p0059g002){#F2}

![The main producing process of hybrid scaffold of silk and hydroxyapatite. The manufactured silk scaffold was mixed together with granular hydroxyapatite at a 10:1 ratio and freeze dried for 3days.](ijmsv15p0059g003){#F3}

![Hybrid scaffold grafted to the bone defect in a rat model](ijmsv15p0059g004){#F4}

![Microscopic findings for the bone defect in group III at 12 weeks after the graft of the hybrid scaffold (H&E ×100). The extracellular environment including fibrous collagen, was mostly changed into lamellar bone, and there was an increase in the thickness of the mature bone (arrow).](ijmsv15p0059g005){#F5}

![Image of the cranial bone defect reconstructed three-dimensionally after CT. Images were taken at weeks 4, 8, and 12 for each of the specimens in group I, group II, and group III. More bone generation was observed in group II and group III compared to group I, in which little bone generation in the bone defect area was achieved, even at week 12 (\*:bone defect area).](ijmsv15p0059g006){#F6}

![Analysis of the bone defect volume using CT images. Group III had the greatest decrease in the bone defect area 12 weeks after the graft (\*P=0.058; †P=0.061; ‡P=0.027, Kruskal-Wallis test).](ijmsv15p0059g007){#F7}

![Analysis of the bone regeneration fraction using CT images. Group III was found to have the greatest percentage of bone regeneration 12 weeks after the graft of the hybrid silk and hydroxyapatite scaffold (\*P=0.058; †P=0.061; ‡P=0.027, Kruskal-Wallis test).](ijmsv15p0059g008){#F8}

![Western blot analysis of osteocalcin 12 weeks after the scaffold graft. The expression level in group III(silk+HA) was higher than in group I (control)or group II(silk).](ijmsv15p0059g009){#F9}

![Semi-quantitative expression levels of osteocalcin as determined by western blot 12 weeks after the scaffold graft (control: 30.3; silk: 44.3; silk+HA; 77.9) (\*: *p*\<0.05)](ijmsv15p0059g010){#F10}
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